Broadband antireflection and absorption enhancement of ultrathin silicon solar microcells enabled with density-graded surface nanostructures
Monocrystalline silicon derived from wafer-based source materials represents a versatile materials platform for high performance photovoltaic systems as it can provide superior materials properties over polycrystalline or amorphous silicon but also form ultrathin, microscale devices in configurations that can afford diverse choices of module substrates, scalable integration, lightweight, as well as high levels of mechanical flexibility.
1- 4 The performance of ultrathin silicon solar cells, however, is inherently limited owing to their weak optical absorption associated with the indirect bandgap of silicon. 5, 6 Consequently, strategies for photon management to maximize absorption of incident solar spectrum in optically thin absorbers and therefore enhance the efficiency and cost-effectiveness of solar cells have been of paramount importance to silicon photovoltaics. 7, 8 Among various loss mechanisms to degrade performance of silicon solar cells, Fresnel reflection at their front surface accounts for a significant portion of immediate optical losses due to the large refractive index mismatch. 9 Whereas transparent dielectric materials have been widely used as a resonant antireflection coating (ARC), they typically work effectively only in a limited wavelength range and specific angles of incidence, but also require vacuum deposition techniques with comparatively high cost and limited scalability. One of attractive alternatives that have been of high recent interest is to exploit density-graded surface nanostructures (so-called "b-Si") on the front surface of silicon solar cells, [10] [11] [12] [13] [14] which can provide near-zero reflection over a broad range of wavelengths and acceptance angles, but also can be incorporated by low-cost processes such as metal-catalyzed chemical etching. [15] [16] [17] Solar cells made of bulk (100) silicon with b-Si surface have been recently demonstrated to yield 18.2% solar-to-electric energy conversion efficiency, where the doping concentration and morphology were carefully controlled to minimize carrier recombination in nanostructured regions and therefore enhance their quantum efficiency for short wavelength photons. 11 Motivated by recent advances in b-Si technologies, 10, 11, 18 here we present materials design and processing strategies for ultrathin silicon solar microcells that incorporate density-graded surface nanostructures to allow excellent levels of broadband antireflection and light trapping, and therefore significant enhancement of absorption and photocurrent in a cost-effective, scalable fashion. Enabled with the rational design of device configuration and doping characteristics, ultrathin ($5.7 lm) b-Si microcells with and without a diffuse backside reflector (d-BSR) provided enhancement of overall photovoltaic performance by $148% and $50%, respectively, compared with devices formed just from bare (i.e., polished) silicon. Contrary to previous b-Si solar cells, the metal-catalyzed etching was performed after all of the high temperature processes, thereby eliminating adverse effects associated with metal impurities that can act as deep-level defects after thermal diffusion. Systematic studies on metal-catalyzed etching for optimized nanostructured morphology, optical and electrical properties of b-Si microcells derived from bulk (111) wafer materials, together with semi-empirical numerical modeling of photon absorption based on finite-difference time-domain (FDTD) method, illustrate essential aspects of underlying materials science and physics in the reported systems. Fig. 1 (a) schematically depicts fabrication steps for modules of ultrathin b-Si microcells. Ultrathin ($6 lm) microcells were fabricated from p-type (111) silicon (9-37 XÁcm) by a) adopting previously reported procedures yet with redesigned device and doping configurations for b-Si implementation. 1, 19 Specifically, the emitter was formed at the rear-surface of microcells with front-surface illumination such that the nanostructured morphology is implemented on the boron-doped surface. Accordingly, conditions for doping were reestablished while other schemes of cell fabrication remained same as in our previous reports.
1, 3 Completed microcells on the "source" wafer were retrieved and embedded in a thin ($30 lm) layer of photocurable polymer (NOA61) coated on a glass substrate by transfer printing.
1,3,19 Density-graded nanostructures were then formed on the exposed surface of printed microcells through silver-catalyzed wet chemical etching in ways that optimized processing schemes and planar junction configuration of microcells are maintained. Figs. 1(b) and 1(c) show tilt-view scanning electron microscope (SEM) and photographic images of printed microcells after the etching to create a b-Si surface. The dark and bright regions in Fig.  1(c) correspond to the cell area with and without b-Si incorporation, respectively, where the significantly reduced reflection is evident on microcells with nanostructured surfaces.
We employed a wet etching to form density-graded nanostructures on (111) silicon in two-step processes, where the silicon surface was heavily doped (R sheet $ 11 X/() with boron to form a base and front surface field (FSF) before implementing a b-Si layer. First, silver nanoparticles were generated on the (111) silicon by electroless plating in aqueous solutions containing silver precursors. 20, 21 An oxide-removed silicon wafer was dipped into a solution of silver nitrate (AgNO 3 , 1 mM) and hydrofluoric acid (HF, 4.8 M) for 1 min, where silver ions are reduced to yield silver nanoparticles while silicon is oxidized to form fluorosilicates that can be dissolved in aqueous solutions. 20, 22 The silver-deposited silicon was then cleaned by deionized water and subsequently placed in the etching solution composed of hydrogen peroxide (H 2 O 2 , 0.4 M) and HF (4.8 M) . In this etching step, H 2 O 2 is catalytically reduced on the surface of silver nanoparticles to inject holes to the substrate for the oxidation and dissolution of silicon, leading to a thin layer of surface nanostructures. Residual silver catalysts were removed by wet-etching before subsequent characterizations.
To establish optimal nanostructures and associated processes for the b-Si on heavily doped (111) silicon, we examined the effect of plating time of silver on the nanostructured morphology and reflectance of the etched silicon, where the concentration of AgNO 3 (1 mM) and above-described etching conditions were fixed. Fig. 2 (a) depicts plane-view SEM micrographs (top) of nanostructured silicon after 50 s of metal-assisted etching at various plating times, and corresponding images (bottom) of the silver-coated silicon right after the electroless deposition, where particle-like silver nanostructures are clearly identified. Silver nanoparticles from the 1-min plating appear small (mostly less than $50 nm) and isolated, while they become larger and more connected at longer plating times due to the growth and coalescence of silver crystallites, which also accompanies the increase of areal coverage and height of silver nanostructures. Such differences in the near-surface arrangement of (111) silicon, where the b-Si surface was generated by silver-catalyzed wet chemical etching for 50 s. Silver nanoparticles were electrolessly deposited at various plating times of 1.0 min, 1.5 min, and 2.0 min, respectively. Images (bottom row) for deposited silver nanoparticles on silicon right after the electroless plating but before the etching of silicon also appear. (b) Corresponding total (i.e., diffuse and specular) reflectance spectra of bare and nanostructured silicon at various plating times measured by a spectrophotometer equipped with integrating spheres at an incidence angle of 6
. (c) Total reflectance spectra of the nanostructured (111) silicon derived from silver-catalyzed wet chemical etching at various concentrations of AgNO 3 , where the duration for both plating and etching was fixed at 1.0 min. silver at various plating times strongly affected the resulting morphology of nanostructured silicon as the etching is accelerated in the region covered by the catalyst. 17, 20 The fraction of deeply etched region (black-colored area) in top-view SEM images increased with longer plating times, while the nanostructured silicon (grey-colored area) became thinner and more sparse. This morphological contrast also translated into measurable differences in optical properties. Fig. 2(b) shows corresponding total (i.e. sum of diffuse and specular) reflectance of resulting nanostructured silicon at various plating times. The reflectance of b-Si at near-normal incidence (h ¼ 6 ) was obtained after the removal of silver, on a spectrophotometer equipped with an integrating sphere using Spectralon V R as a 100% reflectance standard. The lowest reflectance over a broad wavelength range was observed from the 1-min plating, while it gradually increased at longer plating times due to the increase of catalysts' areal coverage, and associated decrease in the fraction of nanostructured region after the silver-catalyzed etching. The optimum concentration (1 mM) of AgNO 3 was determined separately from the reflectance of nanostructured (111) silicon at various precursor concentrations (Fig. 2(c) ), where both plating and etching times were fixed at 1 min.
With such near-optimal deposition conditions for silver catalysts, we also studied the effect of etching time on the nanostructured morphology and optical properties of b-Si on the heavily doped (111) silicon. Fig. 3(a) shows crosssectional SEM images of the etched p-type (111) silicon at various etching times of 30, 40, 50, and 60 s, respectively, where the concentration of AgNO 3 (1 mM) and plating time (1 min) were maintained constant. As clearly shown in the micrographs, the silver-catalyzed etching proceeded preferentially along the h111i direction of silicon to form rod-like nanocolumns whose lateral width steadily increased along the vertical direction from the top to the bottom of nanocolumns, thereby producing a density-graded surface responsible for the strong wavelength-insensitive antireflection. 12 The average height of the nanostructured layer increased almost linearly with etching time, resulting in the sensitive change in corresponding reflectance spectra (Fig. 3(b) ). The total reflectance gradually decreased as the height of nanocolumn increased, while the rate of decrease diminished with etching time. The b-Si from the etching over 40 s exhibited excellent broadband antireflective properties compared to a conventional single-layer antireflection coating (SLARC), where the reflectance of nanostructured silicon was below $2% over nearly the entire wavelength range of 400-1000 nm. Another critical aspect of silver-catalyzed etching on (111) silicon is that a significant portion of the silicon surface was removed after the etching such that nanostructured layer started from a recessed position against the unetched surface as schematically illustrated (Fig. 3(c) ). Both the depth of the recessed region and the height of nanocolumn exhibited a fairly linear relationship with etching time (Fig. 3(c) ). Such removal of the surface layer in silver-catalyzed etching has to be considered in the design of microcells as it can make a substantial change in surface doping profiles and hence the electronic configuration of solar cells.
The optimal design of density-graded nanostructures was integrated with the fabrication of ultrathin silicon microcells, where an "inverted" doping layout was introduced such that the positions of emitter and back surface field were switched against the illumination direction (Fig. S1) . 23 Accordingly, the b-Si layer was implemented on the p þ -doped surface (i.e., FSF) of microcells, while the n þ -doped emitter is located at their rear surface to maintain the optimized planar junction layout. Owing to the removal of the surface layer upon etching, the dopant profile of the FSF region was reconfigured such that the doping level necessary to form a minority carrier mirror is maintained even after the formation of b-Si. ).
23-25
The p þ -doped region having the thickness of less than 300 nm at a shallow doping condition (1000 C for 10 min) is completely removed after the silver-catalyzed etching, causing deterioration of device performance due to the elimination of FSF. To resolve this issue, a redesigned doping condition (1080 C, 30 min) was introduced to drive a deeper diffusion of boron and hence maintain the FSF even after the b-Si etching. Solar cell performance of printed microcells was measured under simulated air mass (AM) 1.5 G standard solar illumination (1000 W/m 2 ) at room temperature, before and after the b-Si implementation where the silver plating and metal-assisted etching were conducted for 1 min and 50 s, respectively. The thicknesses of bare and b-Si microcells were $6 and $5.7 lm, respectively, due to the effect of surface layer removal. Cell measurements except those with a d-BSR were performed on a black anodized metal surface to eliminate the reflection of incident light transmitted through microcells and printing medium. 19 Fig. 4(a) and S2 4 .6%, 5.9%, 6.9%, and 11.4%, respectively, where the calculations were based on spatial dimensions of microcells. 1, 19 It is clearly shown that the performance of b-Si microcells exceeded devices based on both bare silicon and bare silicon with a SLARC mainly due to the superior antireflection properties and associated absorption enhancement of ultrathin silicon. In the present device configuration, the average efficiency of ultrathin silicon microcells increased from 4.6% for bare silicon to 6.9% and 11.4%, for b-Si and b-Si with a d-BSR, which correspond to the net enhancement of $50% and $148%, respectively. The improved performance of b-Si microcells can be attributed to combined effects of augmented photon absorption as well as reduced carrier recombination associated with the removal of doped surface layer. The enhancement with d-BSR also includes contributions from photons incident outside the cell area and guided through a polymeric medium and a glass substrate. 19, 26 To further elucidate underlying mechanisms of photon absorption in b-Si microcells, semi-empirical numerical modeling based on FDTD methods was performed, where the in-plane SEM micrographs of b-Si were imported in four consecutive steps to generate model 3D nanostructures whose surface profiles are close to real samples, with the total height (h) matching closely with those obtained from experiments. 23 The incremental height (d) of nanostructures in the last three import steps was assumed to be identical, determined based on the profiles from the micrograph together with the match of calculated reflectance with measurements. Fig. 4(b) presents simulated reflectance spectra (continuous line) from thick silicon with the model nanostructured surface, which exhibit good agreement with experimental reflectance (dotted line) in saturation behaviors as well as wavelength-insensitivity at longer etching times. The discrepancy, especially in the short wavelength range, might arise from the lack of smaller features that exist in real samples but are not effectively captured in this model, as well as the restricted area for simulation. Based on such accordance with experiments, we used the semi-empirical model to further explore optical properties of b-Si microcells. The model nanostructured surface was numerically implemented into ultrathin silicon to assess its effectiveness for antireflection as well as diffraction and light trapping, and hence the overall enhancement of photon absorption. Fig. 4(c) presents calculated spectra of normalized absorbance, A(k)/(1 À R(k)), for bare ($6.0 lm) and black ($5.7 lm, 50 s etching) silicon printed on a polymeric medium (n ¼ 1.56), respectively, where A(k) and R(k) are calculated absorbance and reflectance, respectively. The normalized absorbance provides the fraction of absorbed photons among those that enter the ultrathin silicon, and therefore can be utilized to evaluate the effectiveness of light trapping. The ultrathin b-Si provides higher values of normalized absorbance for longer wavelength photons compared to the bare silicon due to contributions from the non-zeroth order diffraction and light trapping. The computed A(k) was then used to obtain a total absorbed photon flux integrated over AM 1.5 G, S_abs, given by
where h, c, and I 1.5G (k) are Planck's constant, speed of light, and the standard solar irradiance (AM 1.5 G), respectively. The S_abs for black and bare silicon printed on a polymeric medium (n ¼ 1.56) are 71.6% and 41.4%, respectively, which corresponds to the net enhancement of $73%. The calculation using this model nanostructured silicon also indicates that nanostructured region itself can contribute to as large as $31% of the total integrated absorption (71.6%). In this ultrathin (5.7 lm) silicon, absorption improvements due to antireflection and light trapping of the b-Si layer are 49% and 24%, respectively. The disparity between calculated and measured enhancements of photovoltaic performance might be attributed to the nonideal collection efficiency of photocarriers caused by resistive losses during measurements as well as carrier recombination, which were not explicitly considered in this optical modeling. Further studies are currently underway for accurate identification of optimized front-surface doping configuration as well as effects of b-Si implementation upon carrier recombination in the reported system. In summary, density-graded surface nanostructures were implemented on printed microcells to enhance their photon absorption and device performance in a cost-effective and scalable fashion. The resulting b-Si microcells offered higher performance than devices with vacuum deposited SLARC primarily due to the effect of broadband antireflection, while non-zeroth order diffraction and light trapping also contributed to the enhanced photon absorption for optically thin absorbing media. The increase of absorbed photon flux directly translated into the corresponding enhancement of photovoltaic performance, where the ultrathin b-Si microcells with the rational design of device configuration exhibited improved efficiency by 148% and 50% with and without a d-BSR, respectively, compared to devices from the bare silicon without b-Si incorporation. Printable forms of ultrathin b-Si are attractive not only for photovoltaics but also for all other areas that can benefit from broadband antireflection, reduced materials consumption, and large surface areas, where the work presented here can serve as a foundation for future research. four consecutive import steps, a threshold grey level was adjusted to obtain a desired 2D layout such that the software only takes the area of pixels whose brightness is greater than the cut-off value. Accordingly, the first import step captured the region of large features that exhibit a clear boundary with a dark background (Fig. S4(a) ). (Fig. 4(b) ) and ultrathin (Fig. 4(c) ) silicon with a model nanostructured surface using periodic boundary conditions for x-and y-directions. A continuous plane-wave source with a broad Gaussian frequency spectrum (270~750 THz) was incident normally to the front surface of nanostructured silicon. second, (c) third, and (d) fourth import step, respectively. The incremental height () of nanostructures in the last three import steps was assumed to be identical, while the height (h -3) in the first import step was adjusted such that the total height (h) of nanostructures matches closely with those obtained from experiments.
